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CAN MASSLESS NEUTRINOS DOFIINATE THE UNIVERSE7*

Edward W. Kolb~
Theoretical Division, Los Alaams Scientific Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

The restrictions from cosmological considerations on masses
and lifetimes of neutral , weakly-interacting fermions are reviewed.
In particular, the possibility of the massless decay products of a
heavy neutrino dvninating the energy density of the preseut uni-
verse is discussed in detail.

INTRODUCTION

It has been over 15 years since Penzias and Wilson discovered
the 3 K microwave background radiation.1 The interpretation of
this background as a remnant of the hot big bang is the corner-
stone of aodern theories of the beginning, the present, and the
future evolution of the large scale structure of the universe.
Despite the appearance of the clear night sky as viewed from the
woods of northern Wisconsin, most of the Lhotons in the universe do
not originate in stars, but are present in the invisible 3 K back-
ground. Fifteen years of observation have confirmed the thermal
nature of the background spectrum, A universe at a tempera~~re of
3 K has about 400 photons per cubic centimeter, or about 10
photons in the visible universe. This is a large nul,,ber compared

;:@b he total Ilumber of neutrons and protons. There are only about
nucleons in the universe: nucleons arc only a small con:am-

jnant in a vast sea of pllotonsm (Luckily, the nucleons are not
uniforlnly distributed, as arc the photons. ) By observing Lhe back-
ground photonc, we directly probe the universe when the photons
were last scattered. in the case of the background photons, the
last scatte ing was when the universe was at a temperature G! 10 K,

6
or about 10 yearti after the big bang.

In addition to the b~ckground photons, th(r~’ should also br a
sea of neutrinos left o~er from the big bang, with about as many

;f The wor~ pre~ented is the result of collaborations with lJuanr A.
Dicus, V!gdor 1, Teplitz, and Robprl V, Wagoner,
~+J. Robert Oppenheimer Research Fellow, Work supported in port
by the Department o!’ Energy, W-7405-ENG-36. ~
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of them as photons, about 10s8. Confirmation of this backgrou~d
would be in some sense even more fundamental than the discovery
of Penzias and Wilson, since the background neutrinos last scattered
when the the temperature of the universe uas 1010 K, or about
one second after the blg bang. Thus, the background neutrinos
are an even older relic of the origin of the universe than the
background photons.

Although direct detection of the background neutrinos seems
remote, they may nevertheless play a crucial role in cosmology, and
even dominate the mass of the universe. Since the average ●nergy
of a nucleon (rest-mass enrrgy = 10geV) 1s about 1012 times largel-
than the average energy of a background photon (3 K = 10-4 eV), in
determination of the mass-energj of the universe, the nucleons dom-
inate the more numerous (by a factor of 106) photons. Hcwevcr, If
there exist background neutrinos with energy greater than about
10eV, the larg~r mass of the nucleon would be compensated by the
sheer number of neutrinos. and the neutrinos would provide the
bulk of the energy density of the universe.

The future ●volution of the universe 1s a fundamental questlcn
in cosmology. UIIfortunately, It lS also a~ unanswered question.
CosmGloglcal observations cannot yet determine if there is suf-
ficient gravitational ●nergy in the unlversc to overwhelm the
expansion ●nergj and cause an eventual recontraction, or If the
kinet~c energy of ●xpansion is greater than the potential energy,
and an infinite expansion WI1l result.

There are three reasons to belleve that the universe may be
cl~sed. First, from the vlewpolnt of the theory of rela-lvltv, the
boundary condition for a closed surface 1s much more attractl’:e
(~.e. simpler) than the boundary condltlon fnr an open (expalislon
forever; universe. Second, tlach’s prl,~rlpie, which guided E.nsteln
in the formulation of General Relatlvlty, appllcs only to a closed
(eventu~l reconLractlon) ufiiverse.z The third reason is the “flat-
nesa” problem which has been reviewed by Dicke and Peebles,3 and
mGst recently studied by Guth.4

TIIe flatness problem may bc formulated as follows. Let p be
the prcs~-i,t energy densit, ~ofGthe un~verse. If p is greater fhari
a crlt~c~l den-lty, DC

3 %2
where G 1s Newto~’s constanc

and H is the present value of Hubble parameter, the universe will
be closed, and if p ~ P

b
the universe wii.i be open. Gbservatlons

suggest that 10-2 : P5/ ~~;e.’ This seems a large range, but
consider an earlier epoc . or conditions at the Plancb emperatiire
(1019 GeV), Lbe o:ily tim=scale 1s the Planck LIW. For tte universe
to survive to its present dgk (L 2 1018 sec z ]O>o P]anck tlrnes) wltti
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Pohc - 1 requires a tuning of the liubble par..deter at the Planck
time of about one part in 1060. Stated succinctly, for the universe

to have survived 10 60 Planck time: with PO = pC impiies that at the
Planck time, p = pC to one part in 10600 (For a ❑ore precise state-
ment of the problem, see ref. 4.) A solution to the problem that is
somewhat less than completely arbitrary is to assume that p = PC,
i.e. k = O in the Robertson-Walker metric.

Although the three reasans given above are not conclusive evi-
dence that p > p , they nevertheless provide motivation to iwesti-

g- c
gate the pro lem of whether the universe can be closed. Visible
forms of matter seem to be incapable of clos:ng the universe:] The
best observational evidence is that p

B~YONS + ‘~H?~~N~;m;;di:~. 6
Since thers is no observational informs Ion abou
neutrinos, they are a likely candidate for the inissing mhss. It has
long been known that primordial stable neutrinos with a mass of
about 50eV can provide the missing mass to make p E pc.7 The pur-
pose of this presentation is to demonstrate that this solution
need not be unique, that massless neutrinoc may todaj provide

P. = pc.
Below, 1 describe the dccour ng of neutrinos in the eacl,y

*..id lifetimes of neutrinos as auniverse and limits on the ma!
result of observations of tl.., present ~?nergy density. T also
review other cosmological limits on neutrino lifetimes and discuss
models for neutrino decay. Finally, 1 explore some observational
consequences if the decay products of a hea~ neutrino are respon-
sible for closing the universe.

PRIMORDIAL NEUTRINOS AND THE PRESENT ENERGY DENSITY

Observation of the Hubble expansion of the universe suggests
that the universe was once in a hotter and denser phase. The
thermal nature of the microwave background’ is evidence tliat the
temperature of the universe was once high enough to ionize hydro-
gen, TU ~ 10eV. Isolation of a primordial component in the uni-
versal helium and deuteriurn abundar,ces implies that the temperatur~’
of the universe was cnce high enough for nu~ rosyflthesis, T > 1
MeV, Observatioil of a global baryon asymmetry m:y be inter~r~ted
to require that the temperature of Lhe lmiverse was once large
compared to the masses o {particles mediating baryon number viol-
at.ng reactions, Tu ~ 10 GeV. It is necessary for us to assume
oHly that the temperature of the universe was cnce ;reater Lhan a
few MeV.

Let VH be a “massive” neuLrino, and vl,be a “massless” nru-
trino. ?t sufficiently high temperatures, If the v couple kith
the usual strength to the normal weak interaction b!!sons, they were



kept in thermal equilibrium through reacfiions such as v u +WL~L.
As the universe expanded and cooled, neuLrino reactions le~afne less
frequent because expansion diluted :ne number densiLy of neutrinos,
and because ths weak interaction cross section decreased as the
energy of the neutrinos decreased. Finally the v effectively
decaupled, or froze-out, when the timescale for tl~ interactions
(GF is the Fermi constant, and nv the neutrino num er density),

S<n(J> -1
‘I vu

~ ~2T5 -1

() F 9

(1)

became larger than the age of the universe (G is Newton’s constant),

-1

‘u = G%T2 . (2)

The decoupling temperature, TD, for weakly interacting fermions is
found by equating (1) and (2):

TD~lMeV . (3)

For 1’ < TD, the neutrinos form a noninteracting gas and the total
number of neutrinos is cor.served. The number density of neutrinos
is diluted only by the Hubble expansion. Since in an adiabatic
expansion the total number of photons remains constant, a conve-
nient parameter is the ratio of the number density rf neutricos and
the number density of phctons. Since for T ~ TD the number of
neutrinos remains consLanL, nu/n is roughly constant after decoupl-
ing, and P

11
v ‘v— g ..—

‘Y ‘Y T

D
❑ 1 tleV

(4)

where the last equality follows from assuming the neutrinos were
equilibrium distributed in phase space when they decoupled, A more
exact result for nu is given hy the solllLion to the transport
equation:
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dnv 2“

E-=
- <(ylvl> (n: - n~q )-3#nv , (5)

where n’q
.

is the equilibrium number density, and R/R is the
●xpansi% rate of the universe.

If the WH survive, the present energy density of the neutrinos
would be

P. “= mn

-1- mn
Y

Imn

()

3/2
Y~ e -m/lMeV

lMeV

(m < 1 MeV)

(m > 1 Me\’).

Although the energy density is not directly mensurable (where does
one put the scale to weigh the universe?) the present ●nergy
c!ensity may be expressed in terms of two measurable quantities, the
Hubble parameter H and the deacceleration parameter qo:

o’

()31i:

P. ❑ 2q
o KG “

The limit on p from the observational limits q ~ 2, H ~ 100 km
‘1 M c-l, imp?ies that the nelltrino mass m~:st Fe less than about

;OeV, ! or greater than about 5 GeV.e’9 More stringent limit~ on m
may be found if additional asswnptionT are made about the con-
tribution cf neutrinos to the inferred galtictic masses. However,
the bound on p from Ho and q. is the only reliable bound that is a
result of dire~t observation..—

The conclusion thnt no neutrino can have a ma~:; in thr range
betwee~ 50eV and 5GeV may be easily circumvented if the neutrino
decays t~ massless particles. “lo The crucial ~~int ]s that in thr
expansion of the universe, the massive particles behave as a gas
with an adiabatic index of 5/3, and maasless partirles behave as a
gan with an adiabatic index of 4/3. Therefore, the energy derjsily
of m~ssivc (m > T) particles, p , decreases in expansion as T ,
while the energy density of4mas!less (m < T) particles, P~ P
decreasek in expansion o.; T . Therefore, the contriblltion to thr
present energy density of tne massless deray products iti smaller
than the contribution v], would make if it had not decayed by a.—
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factor of O(T /TDeca ), where T is the prese~t temperature, and
T is the”temper~ture of th~ universe at the time of u decay.
Tggc~~ lifetime as a function of mass that would result inHthe VH
decay products con’.ributing an energy density equal to the critical
density is shtiwn iu Fig. 1.9 The curve in Fig. 1 was found by
calculating the number density and temperature at decoupling,

%and T
D’

as a function of the VH mass, and calcula~i.ng the present
energy density if v decayed to massless particles with a lifetime

Since cbservationally, PO ~ 2pC, the curve in Fig. 1
represents the minimum lifetime for any neutrino irl the mass range
50eV : mu ~ 5GeV.

COSMOLOGICALLIMITS ON VH LIFETIMES

The carve in Fig. 1 represents the minimum lifetime if the
neutrinos decay to massless particles. There are additional cos-
mological limits on neutrino lifetimes:

(1) ~ifetime Bound From the Solar Neutrino Experiment:]l For
large neutrino masses (2-5 GeV) the requirement that the presentlz
neutrino background produced from v decay not be detected in the
Davis solar neutrino experiment pla!es an upper bolmd on the VH
lifetime. There is r,othing to guarantee that the neutrinos de-
tected by Davis are of solar origin. The bourld is given as curve 1
in Fi&. 3.

(2) Upper Lifetime Bound from Deut:ii~ Abundance:13 The
major product manufactured by big-bang nucleosynth~sis [at t ‘3
minutes when y + d + p + n becomes negligible) is He. The stan-
dard calculation of its abundanc~ is in excellent agreement with
observation (~ 26% by weight). Deuterium is also believed to tea::
pr~~ordial origiu, ~ith a primordi:~l abundance between 2 x 10
10 by weight. The one input parameter in nucleosynthesis cal-
culations is ho, the entrLny per baryon at nucleosynthesis. If no
entropy is generated in the universe hetwecn nucleosynthesis and
the pres(!nt time, ho j.s related to the present bal’y~rl density by

pB = 7.15 x 10-27 h
0’

(8)

In (8) pB is
-30

~hi= present baryon density (PB = flB 5.7 x 10 gm



mv(MeV)

Fig. 1. The neutrlno llfetlme that results In the massless decay
products closing the universe.



cm-34 G.ols!2 #lo The present best deter~ination of P-B is 0.06.
The 1“: 2bundance is relatively insensitive to the input parameter,
but the H abundance is very sensitive to h_. If v,. + v,Y proceeds
after the universe is dorninaLed by the mass”of the ~,,, i~-would
greatly change the entropy per baryon. Ths
the universe is dominated by the VH mass is
decays after nucleosynthesis, and after the
by its mass, Eq. (8) is no longer valid and

P~ = 2.65 X 10 ‘20ho/(Tlx) ●

temperatflre at which
shown in Fig. 2. If VH
universe is dominated
should be replaced by

(9)

In (9) T] is the temperature (in K’s) at which VH dominates, and x
is related to the lifetime, 1, for v +Vy

HL

T ❑ (2.25 x 107 see) X2 - (lo)

Sir.ce limits are known on pB and T1 is known, Eq. (4) results in a
limit on x. The limit on x results in a limit on ~ from Eq. (10).
An example of this limit for Q = .06 is given as line three in Fig,
3.

(3) Lifetime Bound From Thermalization of Photons: 13,14 If
the VH decays int6 a photon plus a massless neutrino, or into
charged particles, the resulting photons must be thermalized. A
bound on the VH lifetime, T, may be set from the requirement that
the decay photons be made early enough to be able to thermalize by
the present Lime. The key to the thermalization of the photons
from the decay of a massive UH is the degradation of the few y’s of
energy m /2 to many y’s with average energy kBT. The production of
new, sof~ y’s proceeds through orle of two standard paths: scatter-
ing, to excite an electron, followed by bremsstrahlung; or double
Compton emission. The first process is especially sensitive to the
baryon density. As a function of the pr~sent baryon density the
cosmic lifetime must be less than 9 x 10 flBe. For thernwlization

du~ ~02~~uble Compton emission, the maximum v
!

lifetime allowed is
10 i-$ . It is relatively insensitive to t e precise value of the
present baryoti density. If we live in a low density universe as is
currently believed, the double Compton grocess obtains, and the COS-
mic lifetime must be less than about 10 sec.* This is shows as
curve 4 in Fig. 3.

~R~nce 14, a different thermalization bound is reported

because t~~s possibility was not included.
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(4) Lowe~ Lifetime Bounds From the Laboratory:13 The exist-
ence of the decay VH + v + y (v =V v j implies that the pro-
duction reaction VL + e & u + eLcan ~~oc~ed through y exchange.
Since the final state neutr!no is never detected, the observed
cross section for V

k“
neutral current events provides an upper

limit for VH Produc lent hence an upper limit for the VHVLy ●ffec-
tive coupling constant, and then, finally a lower limit for the
lifetime for the decay VH + VL + y. In fi~ure 3 we show the
minimum lifetime from the Reinss experiment to measure vee scatter-
ing.ls The constraint is given as line 5.

The lifetime bounds (2) and (3) are the best upper bounds.
Comparison of the cosmological upper bounds and the experimental
lower bcJnds implies that no neutrino with a radiative decay can
exist if m ~ 0.1 MeV. It may also be noticed that if v
is the major decay mode, the restrictions give> above ~o;b&%yvH
lifetime to be long enough for its decay products close the
universe.

MODELS FOR VH DECAY

If neutrinos are massive, in tbe absence of a global symmetry
the heaviest neutrino will decay to the lighter ones. There are
sever~l models that may be employed to estimate the neutrino
lifeLime. Several of these models were considered by Goldman and
Stephenson. l”

First consider estimates for VH * VLy. The only gauge in-
variant form for the matrix element is

it’ll= f:(p’) u~vqv(l t y5) U(p)cp, (11)

where p = p’ + q, E
~

is the polarization vector for th photon and
-Y

f is an arbitrary c upling constant of dimension mass . Consider
three p~ssibilities for f: (A) the result. of first-order weak with
neutrino mixing, (B) first-order weak with heavy charged lep~~ns,
and (C) GIM suppressed second-order weak (actually order 5 /l’! ).
The v + v y lifetime~ in the three cases above are shown ~y #!he
three%and~ in Fig. 3 for reasonable choices of the parameters.
For more details on the models, see Refs. 10 and 13.

Of particular interest is a mode116 in which the main decay
mode does not create entropy, so that the bounds discussed above
need not apply and there is a possibility of the v decay products
closing the universe. Assume that in addition to ~he known lepton
doublets there is a neutrino singlet which mixes with the neutrinos
in the doublets. The lifetime for VH + VL;LVL would be (~ is the
singlet-doublet mixing angle)
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mv(MeV)

Fig. 3. Cosmological upper and experimental lower boun$s on the
lifetlme for VH + VL y.
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[

2

1m5sin 22P ‘1
(12)

‘F
T(vH + ‘LVLVL) =

192n2 5

~ 3 x 104 sin
()

‘2 2p +
sec.

+ v y is longer:
L

[

+5
a sin22f!

1

-1
25 4
%

The lifetime for VH

T(UH + vLy) =

1 514n J

() 5 (13]
~ 6 x 107 sin ‘2 2P ~

sec .

Thg41ifetimes as a-function of mass arc shown in Fig. 4 if
10 < sin’2~ < 10 . Also shown in Fig. 4 is the lifetime
neces~ary if tie v decay products are to close to the universe.

#The relevance of t 1s model is that if O.lMeV < m < 1 tied, there
is a possibility that the v decay products cl;se ~he universe
since the bounds mentioned !n the previous section apply only
Lo entropy producing decays.

CAN MASSLESS NEUTRINOS CLOSE THE UNIVERSE?

Assume that a singlet neutrino exists .n the mass range O.lMeV
< m < ] MeV with the requisite mixing angles for Lhe lifetime to
Fe the necess~r) value for th v decay produrts to close the uni-
verse, 2 x 10 S< T<2X,($OH s, We now discuss further itnplica-
tions for this model.-

(1) Primordial Deca~ Although the main decay mode does not
create photons, about 10 of the VH will create photons, Since we
are assuming that the decay products close the universe, about 10-4

of the closure density must be in photons. There are two p~ssi-
bilities; either the photons have simply redshifted and are today

hidden in the far UV where the opaquene~s of our galaxy ij~ these
wavelengths would prevent detection of the background photons, or
the decay photons i.onjzed th? hydrogen, scattered w;”’ fe elcc-
Lrona, and thermalized to fo~m the prevert microwave hackgrour,d. 17
The latter possibility would explain why about 10-4 of the closurr
density is in the thermal background. Since only a relatively
small number of photons are being produced, the thermalization



.3

mldMev)

Fly. 4. Lifetimes for v + VLULVL and VH “’ ULY in a model with Rn
unpaired ncutrl[o.
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bounds discuaaed above are not applicable. In addition, if the
“correct” number of photons are produced, it may be possible to
achieve thermalization by Thomson scattering, which proceeds
❑uch fatter than the thermalization process described above.

(2) Eecays of vu Produced in S~perno-/ae: CowsikJ8 has
pointed ol~t that sincti the bulk of the binding ●nergy released in
the formation of a neutron star is released in neutrinos,* if the
neutrino decay produces photons, a background gamma-ray flux would
result. If the VH + v y lifetime is less than the age of the
universe, the gamma-ra b flux from the decay products of the VH
produced in supernovae would be

GM 2
F=— ‘BRU r

Y SN ‘y ,
RE,, M

gal
(14)

where M and R is the mass and radius of the zesultant neutron star,
Sv is the average energy of the emitted neutrino, p9 is the baryon
density, M is a typical galatic mass, R is the radius o!’ the
universe,

pal
is tile supernovae frequency and R is the fraction

of v that ~i~duces photons.
the #hove parameters F

putting :nl::~son?~@yes for
is about 10 cm s sr , which

is just below the allo~ed limits .1’

The conclusions arc: If neutrinos exist with masses in the
rhnge

50eV ~ m \ 5GeV, they must be unstable, If the decay of the neu-
trino prodllces entropy, there are good limit~ on t r possible

-!
lifetimes, ●nd neu~rinos with m~sses less then 10 MeV are for-
bidden. There is a reasonable model whrrr R non-entropy produc-
ing decay dominatet3, In Lhis IIodel the neutrino de ays predomi-

-&
nately to three li8ht neutrinos, and only abou: 10 of the
inititil neutrinos produce photorls. The decny products in this
model can dominate thr universr if the neutrino is in the maas
ragge O.lMeV fOm ~ 1 MeV, which resull~ in a ncytrino lifetimr
10 s : r f 10 s. If this model ia viahlt’, 10-4 of th~ criLiral
density mu-~ today he in photon~, either thrrmallz~d ir)the
microwave or hidden in the far l!V, The decay of thr neutrino~
produced in supernovae could account for the observed gamma-ray
flux.

~*T’hia assum])tjon mny rnecm ~ornewhat unfounded SJI)CP wc cannot PVC!II

~r?dict cor)l”ctly thp nrutritio flux from our Hun,
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